C linical and experimental results indicate that diet can have large effects on arterial blood pressure. The effects of sodium chloride intake in salt-sensitive (SS) hypertension are well described [1] [2] [3] ; less well appreciated are the effects of other dietary components. In humans, increased cholesterol, fat, and carbohydrate consumption has been associated with increased blood pressure; and increased protein intake has been linked to decreased arterial pressure. [4] [5] [6] [7] Studies in animal models of hypertension have also demonstrated altered disease phenotypes depending on dietary protein, 8 carbohydrate, 9-12 and fat. 12, 13 Experiments in our laboratory have demonstrated that the development of hypertension and renal damage in SS (Dahl SS) rats is also dependent on components of the diet other than NaCl levels. Specifically, our studies have demonstrated that grain-based diets attenuate the degree of hypertension and renal damage compared with that observed in Dahl SS rats fed a casein-based diet.
C linical and experimental results indicate that diet can have large effects on arterial blood pressure. The effects of sodium chloride intake in salt-sensitive (SS) hypertension are well described [1] [2] [3] ; less well appreciated are the effects of other dietary components. In humans, increased cholesterol, fat, and carbohydrate consumption has been associated with increased blood pressure; and increased protein intake has been linked to decreased arterial pressure. [4] [5] [6] [7] Studies in animal models of hypertension have also demonstrated altered disease phenotypes depending on dietary protein, 8 carbohydrate, [9] [10] [11] [12] and fat. 12, 13 Experiments in our laboratory have demonstrated that the development of hypertension and renal damage in SS (Dahl SS) rats is also dependent on components of the diet other than NaCl levels. Specifically, our studies have demonstrated that grain-based diets attenuate the degree of hypertension and renal damage compared with that observed in Dahl SS rats fed a casein-based diet. [14] [15] [16] Because the phenotypic characteristics of SS disease in the Dahl SS rat are similar to those observed in humans, 1, 2 an understanding of these differences in this animal model of disease may provide important insight into the role of diet in humans. The mechanisms responsible for these sodiumindependent dietary effects in the Dahl SS rat are unclear, however, particularly the timing of casein-based diet exposure, which increases disease susceptibility. Previous studies by others have shown that hypertension and renal damage in the SS model can be attenuated or delayed by transfer of embryos between genetically unrelated strains. 17, 18 Those studies demonstrated that SS rat embryos transferred into the salt-resistant (Dahl salt-resistant) strain had a marked decrease in blood pressure at 7 weeks of age 18 and concluded that the gestational environment, but not the lactational environment, of SS rat embryos played a critical role in determining the hypertensive phenotypes of the resulting offspring. Similarly, transfer of spontaneous hypertensive rat embryos into the Wistar-Kyoto strain resulted in a significant attenuation in blood pressure, 19 and it was shown by similar experiments that the spontaneous hypertensive rat maternal in utero (gestational) and suckling (lactational) periods both
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contributed to the rate of blood pressure increase of the spontaneous hypertensive rat, but not the Wistar-Kyoto strain. 20 These embryo transfers between genetically distinct strains provide insight into the sensitivity of the SS and spontaneous hypertensive rat strain offspring to genetically encoded differences between their developmental environments; however, the exposure to dietary factors was tightly controlled in those studies. In contrast, building on our earlier work, we hypothesized that salt-induced blood pressure changes and renal damage in the SS rat may be influenced most directly by the dietary exposure of SS rat embryos during early development.
To distinguish potential diet-induced altered mechanisms sensitizing casein-fed animals to salt-induced disease phenotypes, experiments were initially performed to phenotype SS rats derived from parents maintained on a 0.4% NaCl caseinbased (C0.4) or 0.75% NaCl grain-based (G0.75) diet for many generations. The experimental rats were fed these diets identical to their parents from weaning to 6 weeks of age, after which the rats were then fed an identical high salt 4.0% NaCl casein-based (C4.0) diet for 3 weeks and the development of hypertension and renal damage was assessed. A significant effect of the initial casein-based diet was observed in the SS rats, leading to increased blood pressure change and renal injury after C4.0 intake. To assess potential mechanisms of this NaCl-independent effect on salt-induced hypertension, an RNAseq analysis of transcripts from the renal outer medullary tissue of the rats fed the grain-or casein-based diets before and after high-salt intake was performed. The outer medulla was chosen based on the alterations in renal medullary function that have been observed in Dahl SS hypertension. Finally, reciprocal embryo-transfer experiments were used to demonstrate and narrow the phase of life that confers significant sensitivity of the SS rat to casein-based diet exposure to the gestational-lactational period before weaning.
Methods

Experimental Animals
Experiments were performed on inbred Dahl SS rats obtained from 2 colonies that are maintained on different diets. Inbred SS/JrHsdMcwi rats (herein after called SS/Mcw) have been maintained as a closed colony at the Medical College of Wisconsin since 1991 and have been fed the casein-based 0.4% NaCl (C0.4) purified diet AIN-76A (Dyets, Inc, Bethlehem, PA) for many generations (http://www.hmgc.mcw. edu/ServiceCenters/RRSC.htm). Breeding pairs from this colony were sent to Charles River (SS/JrHsdMcwiCrl) in 2001 (herein after called SS/Crl), where they are maintained on a 0.75% NaCl milled grain (G0.75) diet 5L2F (Charles River Laboratories). The C0.4 AIN-76A and G0.75 5L2F diets are composed of approximately the same percentage of protein (18% for both), carbohydrates (60% to 65%), fat (5%), and fiber (4% to 5%). The diet feeding and phenotyping protocols and embryo transfer are shown in Figure 1 .
For the parental (P0) strain studies, SS/Mcw and SS/Crl pups were maintained on their parental C0.4 and G0.75 diets (SS/Mcw C0. 4 and SS/Crl G0.75 ), respectively, from weaning through 6 weeks of age. At 7 weeks of age, SS/Mcw C0. 4 and SS/Crl G0.75 rats were switched to the high-salt, casein-based AIN-76A diet containing 4.0% NaCl (C4.0) for 3 weeks. First-generation (F1) offspring resulting from embryo transfers within and between the 2 strains were kept on the same diet as the recipient mother (C0.4 or G0.75), but were then weaned and fed the C0.4 diet from 3 to 6 weeks of age, before switching to the high-salt C4.0 diet at 7 weeks of age. The numbers of studied animals and litter numbers for all groups are shown in Table S1 in the onlineonly Data Supplement. The MCW Institutional Animal Care and Use Committee approved all experimental protocols.
Blood Pressure and Renal Disease Phenotyping
At ≈6 weeks of age, the rats were deeply anesthetized with a mixture of ketamine (75 mg/kg IP), xylazine (10 mg/kg IP), and acepromazine (2.5 mg/kg IP) with supplemental anesthesia administered as needed. Using aseptic technique, a telemetry transmitter (Data Sciences International) for measuring arterial blood pressure was implanted in the carotid artery; the body of the transmitter implanted subcutaneously in the back of the animal. Animals were maintained on warming trays during and after surgery. Analgesics and antibiotics were administered after surgery to control pain and infection.
After 5 days of recovery from surgery, daily blood pressure measurements were obtained (from 9:00 am to 12:00 pm daily) for 3 days while the rats were maintained on the appropriate parental diet and are expressed as mean arterial pressure (MAP) throughout the article. An overnight urine collection was obtained from the rats for the assessment of urinary excretion of albumin, protein, creatinine, and electrolytes. Daily blood pressure measurements were then obtained after 1, 2, 3, 7, 10, 14, and 21 days of the C4.0 diet. An overnight urine collection was also obtained on day 21 of high salt. At the conclusion of the experiment, the animals were deeply anesthetized with sodium pentobarbital, the kidneys were flushed with saline to remove red blood cells, and the kidneys were placed in formalin for histological analysis. 
Histological Analysis of Kidney Tissues
The grading of glomerular and medullary damage was performed in a blinded manner. Formalin-fixed kidneys were paraffin embedded in an automatic tissue processor (Microm HMP 300), cut in 3-μm sections (Microm HM355S), mounted on silanized/charged slides, and stained with Gomori's One-Step Trichrome and the samples randomized. Slides were photographed using a Nikon E-400 fitted with a Spot Insight camera; digital micrographs were taken at different magnifications. Individual glomeruli (>40 per rat) were evaluated using a semiquantitative index method, 21 glomeruli lesions were scored from 0 (best) to 4 (worst) on the basis of glomerulosclerosis and mesangial expansion, where a lesion score of 1 represents involvement of 25% of the glomerulus, whereas a lesion score of 4 indicates that 100% of the glomerulus is involved, as we previously described. 15 Thus, the most severely damaged glomeruli have a score of 4. The percentage of the outer medullary tissue containing blocked tubules filled with protein was quantified by determining the proportion of red-stained structures in this region using Metamorph Image Analysis software (version 4.6, Universal Imaging Systems Corp).
RNAseq
Transcriptomes in the renal outer medulla were analyzed in the SS/ Mcw C0. 4 and SS/Crl G0.75 , as well as in the SS/Mcw and SS/Crl groups of male rats fed C4.0 chow for 14 days starting at 6 weeks of age. Each group included 4 rats that were age matched and were 8 weeks old at the time of tissue collection. Transcriptome analysis was done in each individual rat using RNAseq as described previously. 22, 23 Briefly, total RNA was extracted from isolated renal outer medulla using TRIzol (Invitrogen). Double-stranded cDNA libraries were prepared from 4 μg of total RNA using TruSeq RNA Sample Preparation Kit (Illumina). Libraries were quantified by quantitative polymerase chain reaction.
The libraries underwent cluster generation using TruSeq PE Cluster Kit v3-cBot-HS and 100 cycles of paired-end sequencing using TruSeq SBS Kit v3-HS (Illumina) and an Illumina HiSeq 2000 sequencer. Eight libraries were multiplexed on 1 lane of a 300-Gb flow cell.
The adapter sequences were removed from the output reads by the tool cutadapt (http://code.google.com/p/cutadapt/). Sequences with low quality (base quality <13) at both ends of reads were further trimmed, and trimmed reads with <25 bp were removed using SolexaQA (http:// solexaqa.sourceforge.net/). The remaining reads were aligned with genome (rn4) and exon junctions using Bowtie (http://bowtie-bio.sourceforge.net/index.shtml) and Tophat (http://tophat.cbcb.umd.edu/). A parsimonious set of transcripts was constructed from alignments using Cufflinks (http://cufflinks.cbcb.umd.edu/). Transcript abundance was expressed as fragments per kilobase of exon per million fragments mapped. Finally, we tested differential expression of these identified transcripts using cuffdiff, implemented in the package Cufflinks. Pathway enrichment in differentially expressed genes was assessed by the Database for Annotation, Visualization and Integrated Discovery (DAVID) pathway and gene ontology analysis tool (http://david.abcc.ncifcrf.gov/).
Statistical Analysis
All data are presented as the mean±SEM. A 1-way ANOVA was used to determine the differences in parameters between the rats maintained on the different diets. A Tukey post hoc test was used when appropriate. For RNAseq, the Benjamini-Hochberg method was used to control for false discovery rates. False discovery rate <0.05 was considered significant. The 95% confidence interval was considered significant.
Results
Salt-Induced Hypertension and Renal Injury Were Attenuated in SS/Crl Rats Compared With SS/Mcw Rats
SS (Dahl SS) rats fed 2 different diets were characterized for their response to a uniform high-salt diet (Figure 2 ). The purified, casein-based AIN-76A diet (Dyets, Inc) comes in 2 NaCl concentrations, 0.4% and 4.0%, whereas the grain-based 5L2F diet (Charles River Laboratories) contains 0.75% NaCl. We will refer to these diets as the C0.4, C4.0, and G0.75 diets, respectively, and refer to the C4.0 diet as a high-salt diet ( Figure 1 ). MAP and renal damage were assessed in the highly related (Table S2) ), respectively, for many generations. At 6 weeks of age, we measured baseline MAP and urinary albumin excretion in male rats for 3 days, before switching them to the C4.0 high-salt diet for 21 days. SS/Mcw C0.4 male rats were smaller than SS/Crl G0.75 males (178±4.8 versus 201±4.8 g; P<0.005) at the beginning of the study, but ended at the same weight (357±12 versus 353±5.0, respectively). No significant differences in MAP were detected between the SS/Mcw C0. 4 and SS/Crl G0.75 rats during the 3 days of baseline recording. However, after switching both strains to the C4.0 high-salt diet, MAP was significantly greater than baseline in SS/Mcw rats by the third day of the high-salt intake ( Figure 2A ). The level of MAP continued to increase during the high-salt period reaching a peak of 154±5 mm Hg after 3 weeks. In contrast, the increase in MAP developed at a far slower rate in SS/Crl rats fed the same high-salt diet, reaching a peak of 116±2 mm Hg after 21 days of high-salt intake.
Similar to MAP, no differences in albumin excretion rate, as an index of renal injury, were measured between the SS/ Mcw C0. 4 and SS/Crl G0.75 rats ( Figure 2B ). After 3 weeks of the C4.0 chow, both groups demonstrated an increase in albumin excretion rate, but the daily albumin excretion rate was significantly greater in SS/Mcw rats (170±18 mg/d) compared with SS/Crl (23±3 mg/d). Representative histological images of the renal cortex and outer medulla of the rats after 3 weeks of high salt are presented in Figure 2C . SS/Mcw kidneys after highsalt intake tended to be larger but were not significantly different from SS/Crl. Consistent with previous reports in the Dahl SS/Mcw rat, 15 severe glomerular damage (blue fibrotic tissue and collapsed capillary structure) and blocked tubules in the outer medulla (red protein deposition casts) are readily apparent in the SS/Mcw rats. Less glomerular and tubular injury is evident in the kidneys of the SS/Crl rats. The overall glomerular injury index (n=5 per group) was not significantly different between the groups (2.78±0.06% versus 2.64±0.17%); however a significantly higher percentage of severely damaged glomeruli (glomerular lesion score of 4) were observed in the SS/ Mcw males after high-salt intake (7.3±0.8% versus 1.1±0.7%; P<0.0003; Figure 2D ). Similarly, the degree of tubular damage, as assessed by the area of the outer medulla stained positive for protein casts in dilated tubules, was significantly greater in the outer medulla of the SS/Mcw rats (17.0±0.7%) compared with SS/Crl (3.5±0.8%). Cumulatively, the data support our earlier findings of a susceptibility of the SS rat to the AIN-76A caseinbased diet, where exposure to the casein-based C0.4 diet before 6 weeks of age sensitizes SS animals to a rapid increase in blood pressure and organ damage after switching to the high-salt diet, whereas the grain-based G0.75 diet attenuates these effects.
Gene Expression Profiles and Genes Responsive to High Salt Were Substantially Different Between SS/ Mcw and SS/Crl
We reasoned that the altered sensitivity to high salt between SS/Mcw and SS/Crl could potentially be the result of gene expression differences induced in early development by dietary exposure. We performed RNAseq analysis in the renal outer medulla in groups of naïve 6-to 7-week-old SS/Mcw C0. 4 and SS/Crl G0.75 male rats and similar groups after 14 days of C4.0 high-salt diet exposure (n=4 per group). The renal outer medulla has been demonstrated to play an especially important role in the development of hypertension and related renal injury. 24, 25 The yield of the RNAseq analysis, quality of the sequencing reads, and the mapping rates are summarized in Table S2 . Transcript abundance data obtained from biological replicates were highly correlated ( Figure S1 ), supporting the reproducibility of the analysis. A comparison of expressed sequences confirmed a high degree of genetic identity between the 2 SS substrains. RNAseq yielded 8× coverage for 172 301 707 nucleotides, or 5% to 6% of the SS/Mcw and SS/ Crl rat genomes for comparison. Of these nucleotides, only 102 (or 0.00001%) simple nucleotide variants were different between the 2 colonies (Tables S3). The 102 simple nucleotide variants were not evenly distributed across the genome; 43 and 16 variants between the strains, respectively, were clustered in 2 regions on chromosomes 16 and X.
Substantial differences in the transcriptomes in the renal outer medulla existed between SS/Mcw and SS/Crl colonies. As shown in Figure 3 , 1582 genes were differentially expressed (false discovery rate <0.05) between SS/Mcw C0. 4 and SS/Crl G0.75 rats before the high-salt exposure, which was 2-to 3-fold greater than the number of genes responding to 2 weeks of high-salt exposure in either colony of rats. Of the 1582 genes, 897 (or 57%) remained differentially expressed after the high-salt exposure. This was a highly significant degree of overlap (χ 2 test P=0), consistent with a high degree of data reproducibility. Another 1240 genes were differentially expressed between the 2 colonies of rats on high salt. Cluster analysis confirmed substantial differences in the transcriptomes existed between SS/Mcw and SS/Crl ( Figure S2 ). Interestingly, mostly overlapping subsets of 21 of the identified 102 simple nucleotide variants were located within or nearby genes that are differentially expressed in each group between the parental and high-salt diets ( Figure S3 ), suggesting that a small fraction of gene expression differences might arise from genetic differences between the strains.
The responses of the transcriptome to the high-salt exposure were largely different between the 2 colonies of rats, while some overlaps also existed. Of 487 genes responding to the high-salt diet in SS/Crl, 100 (or 21%) also responded to the high-salt diet in SS/Mcw (Figure 3 ). The degree of overlap was smaller than the overlap between before and after high-salt exposure, but was still highly significant (χ 2 test P=5.4×10
-57
). A total 636 genes responded to high salt only in SS/Mcw and 387 responded only in SS/Crl. Kyoto Encyclopedia of Genes and Genomes pathways over-represented in the differentially expressed genes among the comparisons are shown in Table 1 . Seven pathways were over-represented in genes responding to the 2 weeks of high-salt exposure in SS/Mcw. Remarkably, 5 of the 7 pathways (glutathione metabolism, tryptophan metabolism, drug metabolism, peroxisome proliferator-activated receptor signaling, and histidine metabolism) overlapped with our previous study of SS/Mcw rats exposed to 7 days of highsalt diet, which identified a total of 9 pathways. 23 The degree of overlap was highly significant (χ 2 test, P=1.8×10 -18 ), again demonstrating the high level of reproducibility of our transcriptome analysis. The pathways identified at 1 time point but not the other might contribute to the effects of the high-salt diet in either early or established phases of the disease progression. Only 1 pathway (circadian rhythm) was over-represented in genes responding to the high-salt diet in SS/Crl rats ( Table 1) . The genes differentially expressed between SS/Mcw and SS/ Crl rats before the high-salt exposure were enriched for genes involved in immune function, hematopoietic cell lineage, and complement and coagulation cascades. As we emphasized previously, 26 the name of a canonical pathway may not always be informative. For example, the complement and coagulation cascade pathway includes the kallikrein-kinin system known to influence blood pressure.
Of the 897 genes differentially expressed between SS/Mcw and SS/Crl both before and after the high-salt exposure, a set of 129 genes responded to high salt only in SS/Mcw and 82 responded only in SS/Crl (Figure 3 ). The 129 genes, which had a high likelihood of contributing to the disease progression in SS/Mcw, included 33 genes with homologs that have been genetically associated with human disease ( Table 2 ). The 129 genes were enriched for Gene Ontology terms including regulation of blood pressure and, prominently, terms related to extracellular matrix that is central to the development of renal interstitial fibrosis (Table S4 ). In contrast, the 82 genes uniquely responsive to high salt in the SS/Crl substrain had no known genetic association with hypertension, cardiovascular, or renal disease and were associated with just a few Gene Ontology terms, including oxygen transport. Kyoto Encyclopedia of Genes and Genomes pathways were not significantly over-represented in either enriched gene set, likely because of the small number of genes.
Dietary Effects on Blood Pressure and Renal Damage Can Be Reversed by Embryo Transfer
Our previous studies demonstrated that grain-based diets attenuate the degree of hypertension and renal damage in SS/Mcw rats compared with those observed fed a casein-based diet, [14] [15] [16] and support the difference between the SS/Mcw C0. 4 and SS/ Crl G0.75 rats, respectively, shown above. Subsequent RNAseq on these rats has now revealed a small number of simple nucleotide variants correlating with gene expression differences that could potentially contribute to the altered phenotypes of these strains to high-salt intake. We reasoned that reciprocal embryo transfers between the 2 strains would reveal whether the environmental (diet exposure) or genetic differences is the primary driver of the differences in between the SS/Mcw and SS/Crl to high salt. Shown in Figure 1 is the embryo-transfer design and phenotyping strategy for the resulting F1 offspring, where animals were exposed to either the C0.4 or G0.75 diets in the gestational-lactational environment before all pups were weaned at 21 days of age to the same C0.4 diet. Animals were again measured for urine excretion parameters and MAP by telemetry for 3 days starting at 6 to 7 weeks of age, followed by 21 days of C4.0 high-salt feeding. Control embryo transfers within the same strain were used to control for confounding factors of the embryo-transfer procedure on salt-induced phenotypes.
Similar to the parental substrains, F1 offspring were sensitized to high-salt-induced changes in blood pressure and renal damage by exposure to the casein-based C0.4 diet. Male offspring of either strain born from embryos surgically transferred to SS/Mcw C0.4 recipients displayed significantly increased sensitivity to high-salt intake compared with F1 offspring resulting embryos of either strain surgically transferred to SS/Crl >SS/Crl G0.75 animals ( Figure 4B-4D ). Similar differences in blood pressure and renal damage were seen in F1 females ( Figure S4 ), suggesting that the sensitizing effects of the C0.4 diet are not sex specific. Table 3 
>SS/Mcw
C0.4 phenotypes were indistinguishable, this also demonstrates that the observed genetic differences between the donor embryos of these SS substrains do not play a significant role in the observed sensitivity of blood pressure and renal damage in response to high-salt intake. Notably, both MAP and renal damage in the F1 animals transferred into recipients and fed the G0.75 diet until weaning at 3 weeks of age (SS/Crl ) were not attenuated to the same levels as the SS/Crl animals fed the G0.75 diet for the 6 weeks before high-salt intake ( Table 3) , suggesting that there is also a sensitizing effect of the C0.4 diet between 3 and 6 weeks of age.
Although the embryo-transfer experiments suggest that the genetic differences of the embryo do not affect disease progression, it did not rule out that the genetics of the recipient gestational environment could play a role. To address this, we intercrossed F1 SS/Crl G0.75 >SS/Crl G0.75 animals that had been switched to the C0.4 diet at wean to generate a second generation of SS/Crl rats, which had been exposed to the C0.4 diet for a full generation. As shown in Table 3 , after 21 days of C4.0 chow, these SS/Crl C0.4 rats were indistinguishable from the parental SS/Mcw rats fed the C0.4 diet for many generations. We conclude that neither the genetic differences between the donor embryos nor the recipient females can account for the differences in salt sensitivity between SS/Mcw and SS/Crl rats. Cumulatively, the data suggest that exposure to the 0.4% NaCl casein-based diet during gestation, lactation, and ≤6 weeks of age sensitizes SS rats to high-salt-induced hypertension and renal damage, whereas increasing exposure to the grain-based diet progressively attenuates salt sensitivity.
Discussion
Previous studies from our laboratory have demonstrated that, compared with a grain-based diet, the 0.4% NaCl casein-based AIN-76A (C0.4) diet exacerbates the degree of hypertension and renal damage in SS/Mcw rats after highsalt intake. [14] [15] [16] These observations were confirmed in SS/ Mcw and SS/Crl animals fed the C0.4 diet and G0.75 diet for many generations, respectively. In parental SS/Mcw rats, F1 4 recipients, and SS/Crl rats fed the C0.4 diet for a whole generation, MAP and renal injury were markedly increased compared with those exposed to the G0.75 diet during gestation and early life. Although both of these parental diets contain more salt than rats would normally consume, 27 likely contributing to cardiovascular disease in both SS/Mcw and SS/Crl rats, the present data indicate that the gestational-lactational environmental exposure to the C0.4 diet is sufficient and necessary to markedly sensitize SS animals to high-salt diet. The mean glomerular injury index scores were not different between SS/Mcw and SS/Crl animals, likely because of the subjective nature of this scoring method; however, the numbers of severely damaged glomeruli (100% fibrosed) were clearly increased in C0.4-exposed SS/Mcw rats at the end of the study. Because of the fact that the sensitizing C0.4 diet contains less sodium than the G0.75 diet and that the attenuated phenotypes of the SS/Crl rats could be reversed by the C0.4 diet, we conclude that salt-independent components of the diet, and not genetic differences between the strains, is an important driver of salt sensitivity in SS rats. These findings are significant for researchers using SS rats from colonies fed grain-based diets, such as SS/Crl. Gene expression analysis identified >1500 genes differentially expressed between the SS/Mcw and SS/Crl strains and confirmed the high degree of genetic identity between the strains, although some observed genetic differences did map to genes, which are differentially expressed between them. Unique subsets of 129 and 82 genes responded to high-salt intake in the SS/Mcw and SS/Crl. Among the 129 salt-induced genes in the SS/Mcw rats were several which have been genetically associated with hypertension, cardiovascular disease, or renal disease in humans and with pathways and gene ontologies associated with the control of blood pressure, further demonstrating significant parallels in disease mechanisms between the SS rat model and human hypertension. Further , P<0.05. §Note animals in the SS/Crl parental group were maintained on the G0.75 diet until 6-to 7-week of age, whereas the SS/Mcw and all F1 group animals were all weaned to the C0.4 diet (Figure 1) . by guest on January 9, 2018 http://hyper.ahajournals.org/ Downloaded from studies using this model and embryo-transfer strategy can now be used to ascertain mechanisms by which diet exposure leads to initial gene expression differences and alter subsequent response to salt. For instance, the large number of genes differentially expressed in the outer medulla might suggest that the casein-based diet exposure alters kidney development and that the resulting gene expression changes potentially reflect altered cell composition. Alternatively, dietary exposure during development could result in altered patterns of epigenetic marks, such as CpG methylation or histone modifications, which lead to altered gene expression and salt sensitivity. Such epigenetic effects have been demonstrated to be heritable for other model systems 28, 29 and have been postulated to play a significant role in human hypertension and other diseases. 30, 31 The SS rat model, with its sensitivity to diet and maternal environment and embryo-transfer strategy, now provides a unique opportunity to dissect these potential mechanisms using modern high-throughput genomic techniques. 23, 32 The embryo-transfer strategy between these 2 strains again verifies the importance of the maternal environment, both gestational and lactational, in the susceptibility or resistance of SS rats to disease later in life. The important difference between this study and prior findings [17] [18] [19] is the importance of the role of maternal diet as a driver of hypertension and renal damage, although we cannot completely rule out whether the observed genetic differences between the SS/Mcw and SS/ Crl play a role in other phenotypes. The earlier studies of transfers between the SS and salt-resistant (Dahl salt resistant) 17, 18 demonstrated that the gestational environment was most important in delaying the progression of hypertension on high-salt intake. More studies involving cross-fostering between casein-and grain-fed SS rats are now needed to further narrow down whether the gestational or lactational exposure to the casein-based diet is most critical. However, an interesting new study by Tran et al 33 points to potential confounding limitations of embryo studies in differentiating gestational environment and germ-line effects. In that model, offspring of embryo transfers into uteroplacental insufficiency growth-restricted embryo recipients gave rise underwent significantly accelerated growth in the peripubertal phase (8-12 weeks) and had altered cardiorenal function compared with naturally gestated restricted offspring. As growth trajectory may influence cardiovascular disease risk, 34 the authors cautioned the interpretation of cardiovascular phenotypes from these types of embryo-transfer studies. In our model, comparing the growth of the embryo-transferred SS/Mcw (Table 3) , we observe lower in body weight at surgery (≈6 weeks of age, 18.5% reduction) and after 21 days of high-salt intake (≈10-11 weeks; 13.4% reduction), suggesting that we did not observe accelerated growth of the embryo-transferred animals during this period. Indeed, all F1 groups had similar growth rates and were consistently smaller than naturally mated animals.
Perspectives
The present studies validate and demonstrate the significant parallels between the mechanisms of hypertension and renal damage between Dahl SS rats and humans and indicate the importance of dietary protocol when using these rats. Exposure to the 0.4% NaCl casein-based AIN-76A diet during gestational-lactational period sensitizes the SS model to hypertension and renal damage after high-salt intake, whereas the 0.75% NaCl grain-based 5L2F diet exposure during these same periods has strong attenuating effects. These diet exposures alter gene expression patterns in young animals by unknown mechanisms, which then alter the numbers and types of genes that respond to high salt, resulting in differences in their susceptibility to disease. We postulate that dietary exposure early in life of SS rats alters developmental programs, possibly through epigenetic mechanisms controlling gene expression, leading to altered gene expression patterns and possibly organ development to subsequently modulate disease susceptibility in adult animals.
• Dahl salt-sensitive (SS) rats fed a grain-based diet for many generations demonstrate significant attenuation of changes in mean arterial pressure and renal injury after high-salt intake, which can be reversed by exposure to the casein-based diet in the gestational-lactational period.
• Groups of highly genetically similar SS rats fed casein-or grain-based diets for many generations demonstrate significant differences in global gene expression and in the subsets of genes that respond to high-salt intake.
What Is Relevant?
• The present studies demonstrate that exposure to sodium-independent components of the diet during the gestational-lactational period can have a profound influence on disease phenotypes in the offspring as adults. The present studies were performed on inbred rats fed defined diets; further studies to explore similar effects in humans are warranted.
• Although many studies demonstrate therapeutic effects of casein in hypertensive humans and rats, exposure to dietary casein during the gestational-lactational period has significant deleterious effects on the adult SS rat model after high-salt intake, suggesting that exposure during early development could also lead to disease susceptibility later in life in humans.
• Exposure to a casein-based diet significantly exacerbates disease-relevant phenotypes in widely studied Dahl SS rats, especially the SS/JrHsdMcwi and SS/JrHsdMcwiCrl available from Charles Rivers Laboratories. This is currently the only available commercial source of these animals.
Summary
Hypertension and renal injury induced by a high-salt diet are attenuated in Dahl SS/JrHsdMcwiCrl rats maintained for many generations on a grain-based diet compared with SS/JrHsdMcwi rats maintained on a casein-based diet. RNAseq analysis identified unique subsets of genes responding to a high-salt diet in each strain where genes responding to salt in the casein-fed SS/ JrHsdMcwi strain included numerous genes with homologs associated with hypertension, cardiovascular disease, or renal disease in humans. To test the hypothesis that in utero exposure to casein was critical to induce salt sensitivity in this model, we performed embryo-transfer experiments between SS rats fed the casein-or grain-based diets and found that hypertension and renal injury were substantially exacerbated in rats exposed to the casein diet in utero. Conversely, salt-induced hypertension and renal injury were significantly attenuated in rats exposed to the grain-based diet in utero. Together, the data suggest that maternal diet during the gestational-lactational period has substantial effects on the development of salt-induced hypertension and renal injury in adult SS rats. Table S2 presented an eeks. chr16  chr16  5  chr16  5  chr16  5  chr16  5  chr16  5  chr16  5  chr16  5  chr16  5  chr16  5  chr16  5  chr16  5  chr16  5   chr16  5  chr18  2  chr18  2 Y  58903604  C  T  58912350  T  C  58912425  T  C  58914030  A  G  58919105  A  C  58924281  C  T  58926185  A  G  58926207  T  C  58926546  C  T  58926957  G  A  58926965  T  C 
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